Type 2 diabetes mellitus (T2DM) is one of the most prevalent diseases worldwide. Current treatments are often associated with off-target effects and do not significantly impact disease progression. New therapies are therefore urgently needed to overcome this social burden. Glucagon-like peptide-1 (GLP-1), an incretin hormone, has been used to control T2DM symptomatology. However, the administration of peptide or proteins drugs is still a huge challenge in the pharmaceutical field, requiring administration by parenteral routes. This article reviews the main hurdles in oral administration of GLP-1 and focuses on the strategies utilized to overcome them.
Introduction
Type 2 diabetes mellitus (T2DM) is a complex metabolic disorder, being one of the most prevalent worldwide chronic diseases that continuously increases in numbers and impact. 1 It is characterized by resistance to insulin action or inadequate insulin secretion due to pancreatic β-cell dysfunction, which causes abnormal glucose levels, resulting from the interaction between genetic and environmental factors. 2 Additionally, T2DM is the main cause of microvascular and macrovascular complications. 3 Current treatments for T2DM consist of nonpharmacological actions such as diet and exercise and the use of oral pharmacological agents. However, these drugs are usually associated with side effects, including weight gain and hypoglycemia, resulting in poor patient compliance. Therefore, novel approaches for diabetes therapy are urgently needed. 2, 3 With the increased knowledge of the pathophysiology of T2DM, several strategies based on the action of glucagon-like peptide-1 (GLP-1), an incretin Glucagon-like peptide-1 is a 30 amino-acid peptide (3355.67 Da) derived from a proglucagon gene that is secreted by neuroendocrine L cells of the ilium and colon. The mechanisms that lead to its secretion are regulated by meal intake and are described elsewhere. 7 Briefly, L cells are stimulated directly by nutrients that contact with their apical surface and indirectly by a variety of neural and endocrine factors because of the contact made by neuronal and vascular tissue with their basolateral side. 8, 9 Glucagon-like peptide-1 diffuses across the basal lamina into the lamina propria and enters into circulation via intestinal capillaries, draining into the hepatic portal vein and then into the systemic circulation. 10, 11 Its elimination occurs by renal clearance through glomerular filtration and catabolism. 8, 12 Glucagon-like peptide-1 acts by binding to its G proteincoupled receptor [glucagon-like peptide-1 receptor (GLP-1R)], which activates the GLP-1R signaling pathway in a glucose-dependent manner, i.e., only during hyperglycemia. 8, 13 Its receptor is widely expressed in pancreatic islets, where GLP-1 stimulates insulin secretion, decreases glucagon concentration, and suppresses its release, 12, 14 also stimulating neogenesis and proliferation of β cells, which increases pancreas mass and inhibits cell apoptosis. 13, [15] [16] [17] Nevertheless, GLP-1R is also expressed in the gastrointestinal tract (GI), in which GLP-1 acts by reducing the rate of gastric emptying; 18 in the brain, as a neurotransmitter in the hypothalamus, which regulates and leads to satiety, 19 in the heart, having direct protective effects; 20 and within liver, kidney, muscle and adipose tissue (Figure 1) . 8, 21 In patients with T2DM, it is known that the activity of GLP-1 is diminished, but the number of GLP receptors is unaltered. [4] [5] [6] Given that GLP-1 is not related to hypoglycemia or weight gain and its effects have great value in T2DM treatment, GLP-1 has been in the pipeline for diabetes therapy. 5, 15, 22 However, GLP-1 is limited due to the metabolic instability caused once dipeptidyl peptidase-4 (DPP-4) enzyme rapidly cleaves to its N terminal. The rapid cleavage to the secreted GLP-1 is almost immediate, resulting in a Figure 1 . Glucagon-like peptide-1 actions by direct interaction (solid arrows) with GLP-1Rs on specific tissues and in liver, fat, and muscle most likely occur through indirect mechanisms (dashed arrows). Reprinted with permission from Gastroenterology. 8 short half-life of less than 2 min. Dipeptidyl peptidase-IV is mainly located on the luminal surface of the endothelial cells, which means that a large portion of the GLP-1 that leaves the gut is already degraded to the inactive metabolite, 8, 9, 12 and only 25% of the GLP-1 secreted reaches the portal circulation. Additionally, 40% to 50% of GLP-1 that bypasses gut inactivation is metabolized in the liver, and only the remaining 10% to 15% enters the systemic circulation. The metabolism of GLP-1 is described in more detail by Holst and coauthors. 9, 23 To overcome premature GLP-1 metabolism, long-acting GLP-1 analogs have been developed to resist DPP-4 degradation. Alternatively, DPP-4 inhibitors are also being considered to concomitant administration with GLP-1 analogs. 24 However, the action of GLP-1 analogs are dependent on the concentration of endogenous GLP-1 and the number of receptors, which provides much higher pharmacological levels than the DPP-4 inhibitors. 25, 26 In 2005 and 2010, two GLP-1 analogs, exenatide (Byetta Exenatide (4186.6 Da) is the synthetic form of exendin 4, a peptide isolated from the salivary gland of Gila monster (Heloderma suspectum), showing 53% homology to GLP-1.
It has a half-life of 2.4 h and acts by binding GLP-1R at least with the same affinity as native GLP-1. 6, 15, 26 On the other hand, liraglutide (3751.2 Da) shows 97% homology to GLP-1, being very similar to native peptide, and differs by only one amino acid substitution, being further linked by a fatty acid side chain. This fatty acid portion allows a noncovalent binding with serum albumin, which increases the half-life of the peptide for approximately 13 h, resulting from the delayed degradation by DPP-4 and its clearance. Regardless of the modifications, the ability of binding with GLP-1R remains the same.
Both exenatide and liraglutide are delivered parenterally and have been proven to improve glycemic control. 6, 27, 28 Many other GLP-1 analogs are in late clinical development, 29 thus new agents are expected to reach the market in the future.
Although alternatives have been created to work around the short half-life of GLP-1, the use of GLP-1 analogs have also limited therapeutic utility because it must be administered continuously by parenteral routes. Oral administration is necessary and could prove safe and effective; it would mimic endogenous secretion of GLP-1 and provide more convenience, ease of administration, and comfort, which would increase patients' compliance to the treatment. 10, 30, 31 However, because of their poor oral bioavailability, many scientists and the pharmaceutical industry are focusing their research efforts to deliver therapeutically active GLP-1.
Barriers to Oral Glucagon-Like Peptide-1 and Glucagon-Like Peptide-1 Analog Delivery
As a gatekeeper of the human body, the GI tract has several barriers that thwart drugs from being absorbed. 32, 33 It provides an optimum environment for the entry of nutrients and for digestion but is a hostile environment to pathogens and xenobiotics, making the absorption of oral-active drugs a real challenge. 32, 34, 35 The variable pH along the GI tract (pH ranging from 1-3 to 6.5-8) is the first impasse to peptide absorption. This variation induces several modifications on peptides that can lead to the loss of their conformation or even to their partial destruction before reaching the intestine. 30, 36, 37 Another main risk for GLP-1 and its analogs absorption is their rapid degradation by enzymes secreted throughout the GI lumen, like pepsine, pancreatic enzymes, and peptidases and enzymes from the intestinal flora. 30, 38, 39 Any peptide that survives passage through the chemical and enzymatic degradation must then face the absorption barriers, such as intestinal epithelial cells and the mucus layer. The main component of this layer are mucin chains, cross linked and tangled with each other like a net, forming a semipermeable barrier with an elastic, robust, and viscous gel consistency. It protects the surface of the epithelium and influences drug absorption through its composition and thickness along the GI tract, allowing only water and small molecules to cross it, 30, 35, [39] [40] [41] as described in more detail by Ensign and coauthors 40 and Johansson and coauthors. 42 It also has a negative charge at neutral pH, which causes an electrostatic repulsion with proteins, preventing their contact with intestinal cells. 30, 36 After passage through the mucus, GLP-1 and its analogs face a second absorption barrier, the intestinal epithelium cells. These cells consist predominantly of enterocytes, primarily responsible for absorption and transport of molecules; goblet cells, of glandular origin, that are the second most prevalent cell type in the intestine that function only to produce mucus; 30, 43 and M cells, specialized for antigen uptake, that reside in Peyer's patches (lymphoid regions). 30, 44, 45 These cells provide another possible gateway for oral delivery of peptides as for nanoparticles and microparticles because they are relatively less protected by mucus and have a high transcytotic capacity. 40 Drug permeation may therefore occur either through a transcellular or paracellular route. In the first one, the transport of drugs occurs through intestinal cells, either passively or carried, mediated by specific transporters. 46, 47 In this type of permeation, drugs must have specific physiochemical properties, such as lipophilicity and molecular weight. Moreover, drug degradation from intracellular organelles like lysosomes, as well as the existence of efflux transporters, may prevent drugs from reaching the bloodstream. 30, 34, 35 Because GLP-1 and its analogs are hydrophilic peptide drugs, the paracellular route is the most probable route for their absorption. 34, 48, 49 The absorption may occur between cells across the intestinal cell junctions. In contrast to transcellular, the paracellular route depends not on lipophilicity, but rather on the size of peptides, its ionic charge, and has the great advantage of absence of proteolytic activity. 34, 47, 49 However, this kind of transport is usually minimal, not only because it represents less than 1% of the intestinal epithelium, but also due to the tight junctions (TJs) existing between the intestinal cells that limit the transport of small hydrophilic molecules. The molecular weight cutoff for this kind of permeation is usually considered 200 Da, 50 which is not the case for GLP-1 or its analogs, with a molecular weight above 3 kDa. 30, 46, 48, 49, 51 To increase peptide oral bioavailability, many strategies involving absorption enhancers and proteolytic inhibitors have been developed. 38, [52] [53] [54] Although such approaches are very promising, they do not have the full confidence of clinicians and competent authorities. Many peptides are used for the treatment of chronic diseases, and their implications in long-term therapy may be a concern for patient health. 52, 55 Absorption enhancers, such as chitosan or bile salts, improve the permeation of proteins drugs, increasing the paracellular transport by modulating TJ permeability. 56 However, the use of this strategy is limited by the fact that, once TJs are open, transport through the GI tract is enhanced not only for the therapeutic drugs, but also for toxic molecules. 53, 55, 57, 58 Likewise, the GI tract contains numerous enzymes with specific target sites, which makes the use of enzyme inhibitors extremely difficult to achieve. Moreover, in long-term therapy, the use of enzyme inhibitors can be a problem because it can influence normal absorption of protein nutrients and can also affect the absorption of other peptides/proteins. 37, 38, 53, 55 Thus different approaches should be considered to increase oral bioavailability of GLP-1 and its analogs.
Oral Delivery Systems for Glucagon-Like Peptide-1 and Glucagon-Like Peptide-1 Analogs
The best approach to overcome all aforementioned problems is to modify the chemical structure of GLP-1 by adding novel functional groups or using new pharmaceutical dosage forms that, instead of modifying the characteristics of the GI tract, will modify the peptide physicochemical properties or apply delivery carrier systems that protect the peptides and promote the crossing of biological barriers. 52, 59 This approach can also provide a higher bioavailability of the peptides when orally administered with delivery systems, as long as the biological activity is maintained without damaging the biological barriers.
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Byotinylated Glucagon-Like Peptide-1
One possible strategy to increase membrane permeability is to modify the peptide surface by adding a site-specific bioconjugation, such as fatty acids and vitamins that promote contact between the peptide and the apical membrane of enterocytes. This way, the absorption into cells is facilitated, allowing the drug to cross the intestinal epithelium. [60] [61] [62] [63] In this attempt, Youn and coauthors 48 proposed an oral GLP-1 analog chemically modified with biotin. Because it is not synthesized by the human body, biotin must be obtained through diet, being actively transported to enterocytes by sodium-dependent multivitamin transport. [64] [65] [66] In this study, biotin was added to the backbone of GLP-1 in lysine residues that, aside from promoting their transportation through epithelium, influence the trypsin proteolytic action in these peptides. Monobiotinylation and bibiotinylation (Lys26,34-biotin-GLP-1) were tested. Both of them had the same biotintarget sites, showing higher Caco-2 cell permeability (3.6-fold and 5.4-fold, respectively) and greater enzymatic resistance (monobiotinylated GLP-1 had a half-life 2.3-fold and 1.7-fold in rat intestine fluid and in homogenate, respectively, and bibiotinylated had a half-life 8.5-fold and 3.5-fold, respectively). These results revealed that the bibiotinylation was the best approach. Bioactivity tests showed that, despite the peptide modifications, the insulinotropic activity was well preserved (94.5%) and was not an impairment, which can be explained by the fact that its N terminal was well preserved. 48 Moreover, under optimized conditions, bibiotinylated GLP-1 showed higher glucose-lowering potentials (nine-fold) than GLP-1 in diabetic mice after oral administration (Figure 2) . These optimal conditions comprised a gastric neutralizer that mimics an enteric coating that allows peptides to reach the intestine undergoing the harsh stomach environment and 50% of its composition being propylene glycol, which decreases the exposure to GI tract enzymes. 48 In another work, exenatide-4 was used in similar experiences as described earlier. As what happened to the GLP-1, bibiotinylated exanatide-4 (DB-Ex-4) had the same biological activity, better stability (8.4-fold in trypsin and 9.0-fold in intestinal fluid), and higher hypoglycemic degrees (5.3-fold) than exanatide-4 in diabetic mice (Figure 3) . 67 When comparing all pharmacokinetic profiles, it was possible to observe that, after intravenous injections in diabetic mice, GLP-1 and exenatide-4 plasma concentrations were rapidly reduced, reaching the basal level 3 h postinjection. After oral administration, GLP-1, exenatide-4, and bibiotinylated GLP-1 remained on basal levels, showing that no absorption occurred, which can be explained by the rapid action of DPP-4 as discussed earlier, while DB-Ex-4 showed characteristic absorption patterns since exenatide-4 has a longer half-life than GLP-1. 48, 67 Therefore, biotin as a bioconjugate can lead to intestinal absorption of peptides and is thus a good strategy to enhance peptide bioavailability after oral administration. However, it is not a sustained system in itself, because it is only able to increase the absorption of peptides but not to protect them from degradation. To protect from degradation, it is necessary to prevent DPP-4 action by using GLP-1 analogs such as exenatide-4 or improving the drug delivery system.
PEGylated Glucagon-Like Peptide-1
As previous studies have demonstrated that adding polyethylene glycol (PEG) to peptides or nanoparticles increase its enzyme resistance as well as lower its clearance rate, 56, [68] [69] [70] [71] [72] Chae and coauthors 73 also tested the influence of PEG in biotinylated GLP-1 (DBP-GLP-1). They showed that DBP-GLP-1 had even better results in absorption and enzyme resistance than just biotinylation (its plasma concentration increased quickly 30 min after oral administration), with as good results as native GLP-1 in peptide bioactivity and decreased glucose concentration [area under the curve (AUC) 0-180 min for 3 h reduced by 24.5%; Figure 4 ].
In view of these results, PEGylation can increase GLP-1 half-life without interfering with its biological effect 67 and thus is a good approach to improve peptide bioavailability. Together with biotin, GLP-1 can be a good candidate for an oral antidiabetic drug.
Nanoparticles
Polymeric-Based Nanoparticles Increasingly, nanotechnology plays an important role in the development of new forms of drug delivery. Several studies have been made using nanotechnology approaches in order to overcome the main biological obstacles to GLP-1 administration, namely, its short halflife. [74] [75] [76] [77] [78] Although it is very important to prolong its time of action, it has yet to be administrated by parenteral routes. is the possibility of modifying its polymer structure and, thereafter, obtaining nanoparticles that are sensitive to influences such as pH [80] [81] [82] and temperature. 83 As with other peptides, [84] [85] [86] [87] exanetide-4 was also formulated in a pH-dependent nanoparticle carrier by Nguyen and coauthors. 88 These nanoparticles were made of chitosan and poly(g-glutamic acid) coated with an enteric polymer that remained intact in low pH environments, protecting the nanoparticles from gastric content. This coating disintegrates with the increase of pH (above 5.5), and thus, when administrated orally, exenatide-4 nanoparticles are released in the small intestine only. Once there, they can open the TJs and, because of their pH-sensitivity, become unstable and disintegrate, making it possible for exenatide-4 to be transported via the paracellular pathway. 88 Analyzing the pharmacokinetic and pharmacodynamic profiles after subcutaneous administration, it is possible to observe that the free form of exenatide-4 decreased shortly, with blood glucose levels returning to the basal level within time and increased insulin, reaching the maximum value 2 h after injection and returning to the basal level 3 h later. However, after oral administration, no alterations were observed in plasma concentrations, which was similar to results of capsules filled with empty nanoparticles. On the other hand, when administered orally, the capsule containing exendin-4 nanoparticles produced a slower but prolonged reduction in blood glucose levels, showing a maximum plasma concentration 5 h after administration, and also increased the insulin levels in a slower but prolonged way ( Figure 5) . In this present case, the bioavailability of exenatide-4 encapsulated into nanoparticles was 14%, compared with exenatide-4 administrated subcutaneously, which is a significantly higher value compared with other examples in literature, 88 a promising result considering the oral peptide administration in general. The longer onset of the hypoglycemic effect is a drawback and would be criticized to a rapid control of glycemia. Nevertheless, the advantages associated with the decrease in number of administrations and the constant plasmatic levels in the therapeutic window are beneficial in the long term.
Nonpeptidic Receptor Agonist
Many efforts have been made to circumvent the need of administration of GLP-1 by parenteral routes. With this aim, the discovery of nonpeptide agonists has been studied in order to develop oral active pharmaceuticals; however, these attempts have generally been unsuccessful. GLP-1 was released in therapeutic concentrations when administrated orally, decreasing glycemic response in diabetic mice (reduced AUC by 27% and 28% at 4 and 8 h tests, respectively). The authors also showed reduction in basal glycemia by 23% in 4 h and 35% in 8 h after treatment when compared with mice that had no treatment.
Thus the association of peptides/proteins to nanoparticles can also be a good alternative to continuous parenteral delivery.
pH-Sensitive Nanoparticles
Besides their nanoscale size, one of the greatest advantages in using polymeric nanoparticles as a drug delivery vehicle Chen and coauthors 89 developed two substituted cyclobutanes, S4P and Boc5 (Figure 6) , which, like GLP-1, are GLP-1R specific and do not activate cells through glucagon or GLP-2 receptors (also a product of proglucagon gene). When tested, Boc5 behaved as a full GLP-1R agonist, whereas S4P behaved as a partial agonist. Boc5 amplified glucose-stimulated insulin secretion in isolated rat islets by a factor of up to 4.5 in comparison with controls. Oral administration of Boc5 dose-dependently inhibited food intake in mice, and a reduction in glycosylated hemoglobin to nondiabetic values was observed after daily injections of Boc5 into diabetic mice. Thus Boc5 behaved as a full GLP-1 mimetic both in vitro and in vivo. Other works reported similar research goals as described earlier, but none of the nonpeptide agonists were orally tested. [90] [91] [92] Regardless of whether nonpeptidic receptor agonist compounds may lead to the identification of orally active Among the advantages for the patients who were previously discussed, such as more convenient and simple administration, comfortable way of treatment, increased patient compliance to the therapy, and therefore more clinical success, the costs of any oral formulation will also be an advantage for the pharmaceutical industry because it does not require specific conditions of sterility and other precautions against possible particle contamination. 52 The biggest drawback of GLP-1-based therapy is the limited clinical experience with its use; it began only in 2005 and its analogs (e.g., oral GLP-1 and GLP-1 analog), delivered by parenteral routes started even later. So far, there are just a few studies in this field, and they are only in initial clinical trials phases. Glucagon-like peptide-1 acts only when plasma glucose levels are high and are excreted by renal clearance. 8 Hence, it is possible to extrapolate that, when administrated orally, even if it is a high dose, GLP-1 will act only when glucose levels are high and possibly excrete if those levels are normal, not being toxic to the organism. Thus, the question still remains whether all its analogs or their carriers have some adverse effects.
Some side effects of exenatide have been reported sporadically, namely, nausea, vomiting, and cross immunoreactivity, which decrease during the treatment, although these do not affect the therapy's success. Like exenatide, liraglutide also causes these effects. 15 However, not all GLP-1 analogs are associated with side effects. In 2010, a study using ORMD-0901 (a GLP-1 analog discussed later) administered enterically in pigs and dogs was performed in order to evaluate its safety and efficacy, and the study showed that this peptide was well tolerated in animals without any side effects. 93 The carriers used in transporting GLP-1 and its analogs are considered excipients, being also eliminated by normal excretion pathways without presenting any adverse effect as reported by pharmaceutical companies. [94] [95] [96] Further studies on detailed oral formulations are necessary to gain more knowledge on the advantages and drawbacks of oral GLP-1 and its analogs, namely, those related with intestinal mucosa toxicity over chronic administration.
Clinical Trials
With the continued increase of T2DM, it is imperative to satisfy the treatment needs of patients. Thus, many pharmaceutical companies are trying to develop long-acting GLP-1 analogs that can be orally administered. Emisphere's Eligen technology enables peptide/protein absorption without affecting biological properties or pharmacological activities. It uses a family of small carriers, in the case of GLP-1, SNAC (n-8-aminocaprylic acid), with low molecular weight that transport peptide/ protein to the small intestine through weak and noncovalent interactions. They increase their lipophilicity, which enables the passive transcellular transport of drug molecules of all sizes through cell membranes instead of paracellular transport, and facilitate their passage across biological barriers, protecting them from chemical barriers. Once they are inside the cells, they dissociate, the peptide is free to reach the bloodstream, and the carrier is eliminated through normal excretion. 54, 94, 98, 99 This technology has already been used for oral delivery of other peptides such as insulin, [98] [99] [100] and is not associated with side effects as demonstrated in clinical trials. 54 Merrion's GIPET technology consists of enteric-coated tablets targeting the duodenum, with peptide and patented absorption enhancers inside. Once it is in the intestinal lumen, the tablet dissolves, resulting in the release of the drug and the absorption enhancers, facilitating the peptide's absorption across the epithelium and increasing bioavailability. 95, 101 These enhancers require high concentrations for optimal enhancement, which leads to a transcellular perturbation due to surfactant properties, although this causes only a mild mucosal injury that is rapidly reversed without any major toxicity issues. 54 Novo Nordisk, also Oramed Pharmaceuticals, developed a GLP-1 analog (ORMD-0901) that is presently in human clinical trials. This company exploited a delivery technique consisting of incorporation of adjuvants, pharmacopoeial registered protease inhibitors, and a carrier or excipient that protect the peptide from the chemical barriers. They increase paracellular permeability by chelating the calcium that is required to form intercellular junctions and promote its transportation across the epithelium to reach the bloodstream. These formulations were well tolerated in patients who experienced only mild GI events as side effects. 54, 96 Poxel is also developing an oral nonpeptidic GLP-1 analog. This project is not as advanced as the previous ones and is still in the lead optimization phase. Nevertheless, it has already shown positive effects in pathophysiological animal models.
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Conclusions
Glucagon-like peptide-1 and GLP-1 analogs have many advantages over existing therapies for the treatment of T2DM, including a superior ability to increase glucosedependent insulin secretion and glucose-dependent glucagon suppression with consequent low risk of hypoglycemia. As oral delivery of proteins and peptides is still a great challenge for the modern pharmaceutical industry, oral delivery of GLP-1 and its analogs is a promising new scheme therapy.
Many studies have been conducted to overcome the main biological barriers of the body that prevent peptide and protein absorption through intestinal epithelium, but so far, the only available data from clinical trials cover a short time frame (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) .
Many more in vivo and human studies are necessary until oral administration of GLP-1 and its analogs becomes fully acceptable for therapy, especially studies regarding safety in chronic administrations. In this review, there are very good indications that ongoing clinical trials will lead to new products in the near future.
